Interferon tau (IFNT) is produced by the elongating conceptus in ruminants and is the maternal recognition of the pregnancy signal. Available evidence supports the idea that IFNT acts in a paracrine and autocrine manner to modulate expression of genes in the endometrium and trophectoderm, respectively, which promote conceptus elongation. The actions of IFNT are mediated by the interferon (alpha and beta) receptor (IFNAR), which consists of two subunits, IFNAR1 and IFNAR2. To test the hypothesis that IFNT and its receptor have biological roles in conceptus elongation, an in vivo loss-of-function study was conducted by inhibiting IFNT or IFNAR1/2 mRNA translation in the trophectoderm of the ovine conceptus using morpholino antisense oligonucleotides (MAO) delivered via osmotic pumps from Days 8 to 14 postmating. Elongating, filamentous type conceptuses were recovered from Day 14 ewes receiving a control morpholino or IFNAR MAOs. In contrast, severely growth-retarded and malformed conceptuses were recovered from IFNT MAO-infused ewes. Those conceptuses contained abnormal trophectoderm cells that were apoptotic based on terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling analyses. IFNT concentrations were reduced in the uterine lumen of IFNT MAO-infused ewes as was the expression of classical Type I IFN-stimulated genes in the endometrium. IFNT concentrations were also lower in the uterine lumen of IFNAR1/2 MAO-infused ewes. These studies provide in vivo evidence that IFNT is a critical regulator of conceptus elongation and that its embryotrophic actions are primarily mediated by paracrine effects on the endometrium. developmental biology, embryo, trophectoderm, uterus
INTRODUCTION
The ovine blastocyst hatches from the zona pellucida on Day 8 and develops into an ovoid or tubular conceptus (embryo and associated extraembryonic membranes) that grows and elongates into a filamentous form between Days 12 and 16 [1] . The mononuclear trophectoderm cells in the elongating ruminant conceptus synthesize and secrete interferon tau (IFNT) and prostaglandins (PGs). A significant increase in IFNT and PG production occurs after Day 12 as the conceptus develops from a spherical to filamentous form [2] [3] [4] [5] . IFNT is a member of the Type I IFN family [6] and is the maternal recognition of pregnancy signal in ruminants [7, 8] . As a pregnancy recognition signal, IFNT acts in a paracrine manner on the endometrium to inhibit development of the luteolytic mechanism, thereby ensuring continued production of progesterone by the corpus luteum (CL) of the ovary [8, 9] .
Available evidence supports the idea that conceptus-derived IFNT and PGs are also embryotrophic because they both act in a paracrine manner to modulate expression of progesteroneinduced elongation-and implantation-related genes in the endometrial epithelia that, in turn, are hypothesized to promote conceptus elongation via effects on the trophectoderm [8, [10] [11] [12] [13] [14] [15] [16] [17] . Of note, IFNT and PGs from the elongating conceptus stimulate a number of progesterone-induced genes in the endometrial luminal epithelium (LE) and superficial glandular epithelium (GE) of the ovine uterus that encode enzymes (HSD11B1) and secreted proteins (CST3, CTSL1, GRP, IGFBP1, LGALS15) as well as transporters for glucose (SLC2A1, SLC2A5, SLC5A11) and amino acids (SLC7A2). In the endometrial GE and stroma, IFNT induces or substantially stimulates expression of a large number of classical Type I IFN-stimulated genes (ISGs), including ISG15, chemokine (C-X-C motif) ligand 10 (CXCL10), and the radical S-adenosylcontaining domain 2 (RSAD2) that may also have biological roles in conceptus elongation [17] . Of note, PGs are particularly important for conceptus elongation in sheep because intrauterine infusion of meloxicam, a selective PTGS2 inhibitor, into the uterine lumen from Days 8 to 14 postmating completely inhibited conceptus elongation [18] . The biological role of IFNT in conceptus elongation has not been studied using a loss-of-function approach; however, our recent data supports the idea that IFNT has an embryotrophic effect on conceptus elongation [19] .
Like other Type I IFNs, IFNT signals via the interferon (alpha and beta) receptor (IFNAR), which is a cell membrane receptor consisting of two subunits, IFNAR1 and IFNAR2 [20, 21] . Ligand-induced dimerization of the subunits results in activation of canonical-and noncanonical-signaling pathways. The canonical Type I IFN-and IFNT-signaling pathway involves Janus kinase-signal transducer and activator of transcription-interferon regulatory factor (JAK-STAT-IRF) signaling that results in induction of a large number of classical ISGs [22] [23] [24] . The noncanonical Type I IFN-signaling pathway involves mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase thymoma viral proto-oncogene 1 (PI3K-AKT1) cascades [25] . Recent evidence indicates that IFNT activates MAPK (ERK1/2), PI3K-AKT1, and Jun Nterminal kinase (JNK) signaling in the endometrium of the ovine uterus as well as in ovine uterine cells in vitro [26, 27] . Ovine and bovine IFNAR1 and IFNAR2 mRNAs were cloned from the endometrium, and both were found to be expressed in cyclic and pregnant endometrium, but not in Day 15 ovine conceptuses using RT-PCR analysis [28] . In contrast, Imakawa and coworkers [29] observed immunoreactive IFNAR1 protein in Day 14 and 16 ovine conceptuses using an antibody against human IFNAR1. Further, Wang and coworkers [30] detected IFNAR1 mRNA in both Days 15 and 20 ovine conceptuses by RT-PCR and found that expression of several classical ISGs (BST2, ISG15, OAS1) could be induced in ovine trophectoderm cells treated with recombinant bovine IFNT in vitro. Similar to IFNT, the biological role of IFNAR in conceptus elongation has not been studied using a loss-of-function approach.
Collectively, the available studies support the hypothesis that the embryotrophic actions of IFNT are mediated by paracrine as well as autocrine actions that promote conceptus elongation in ruminants. In order to test this hypothesis, an in vivo morpholino (MO) loss-of-function study was conducted by specifically inhibiting IFNT or IFNAR1/2 mRNA translation in the trophectoderm of the developing ovine conceptus.
MATERIALS AND METHODS

Morpholino Design and Validation
Design. Morpholino oligonucleotides were designed and synthesized by Gene Tools to specifically target only one mRNA. The IFNT morpholino antisense oligonucleotide (MAO) (TCAGTAGAGAGAGCACGAAGGCCAT) targets the first 25 bp of the ovine IFNT mRNA coding sequence (CDS) (GenBank accession no. X56343.1). The IFNAR1 MAO (CGGCAGCCCTC-CAGTCACATCTTTC) targets 86 to 110 bp of the 5 0 untranslated region of the ovine IFNAR1 mRNA that is only 15 bp upstream of the ATG (GenBank accession no. U65978.1). The IFNAR2 MAO (CTGACACATTCTGACT-CAAAAGCAT) targets the first 25 bp of the ovine IFNAR2 mRNA CDS (GenBank accession no. NM_001009342.1). In study one, a standard control MO (CCTCTTACCTCAGTTACAATTTATA) was used that targets a splice site mutant of Homo sapiens hemoglobin beta-chain (HBB) gene (GenBank accession no. AY605051) that is not present in the Ovis aries genome. For study two, a random oligo 25-N MO was used as a control because it is synthesized with a random base at every position and does not target any known mRNA (Gene Tools).
Validation of IFNT MAO. The complete CDS for ovine IFNT (GenBank accession no. X56343.1), along with additional 5 0 and 3 0 restriction sites, was synthesized as a gBlock Gene Fragment by Integrated DNA Technologies. The resulting gBlock fragments were assembled using a Gibson assembly cloning kit (New England BioLabs), and ligated into the pCMV6-A-Puro (Origene) mammalian expression vector using T4 DNA ligase (Invitrogen). The resulting vectors were sequenced for verification purposes. Human 293T cells were transfected with pCMV6-A-Puro-IFNT with Lipofectamine 2000 (Life Technologies). After 24 h, cells were incubated with 6 ll/ml Endo-Porter delivery reagent (Gene Tools) and 2, 4, or 8 lM of IFNT MAO. After 48 h, the media from the cells was harvested, and protein concentration determined. Equal amounts of protein were mixed with Laemmli sample buffer (31.5 mM Tris-HCl, pH 6.8, 10% glycerol, 5% b-mercaptoethanol, 1% SDS, 0.01% bromophenol blue), denatured at 958C for 5 min, and separated by SDS-PAGE at a constant voltage of 150 V for approximately 90 min in 13 running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS). Proteins were transferred to 0.45 lm Protran BA 85 nitrocellulose membrane (GE Healthcare) in Towbin transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) at 100 V for 60 min. Membranes were placed in blocking buffer-10 mM Tris, and 1.4 mM NaCl, 0.1% Tween 20 (TBST), and 5% nonfat milk-for 1 h at room temperature and then incubated in primary rabbit anti-ovine IFNT serum [31] at 1:1000 dilution in blocking buffer overnight at 48C. Membranes were then washed with TBST before incubation with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (Thermo Scientific) at 1:10 000 dilution for 1 h at room temperature. Membranes were washed with excess TBST and incubated with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) for 3 min prior to imaging with a ChemiDoc MP system and Image Lab 4.1 software (BioRad).
Validation of IFNAR1, IFNAR2, and IFNT MAO using an in vitro translational inhibition assay. Oligonucleotides analogous to the partial ovine IFNAR1, IFNAR2, and IFNT mRNA CDSs were synthesized by Integrated DNA Technologies (Supplementary Table S1 ; all Supplemental Data are available at www.biolreprod.org). Oligonucleotides were designed to include a 5 0 NheI overhang, portion of the mRNA to be targeted and bound by the MAO, and a 3 0 NheI overhang. The psiCHECK2 dual luciferase (LUC) reporter plasmid (Promega) was digested with the restriction enzyme NheI, and subsequently treated with antarctic phosphatase (New England BioLabs).
Oligos were annealed and ligated into psiCHECK2 using T4 DNA ligase (Life Technologies), upstream and in-frame with LUC. The resulting vectors were sequenced (Washington State University Molecular Biology and Genomics Core) for verification. Human 293T cells were transfected with psiCHECK2:-IFNAR1 CDS LUC or psiCHECK2:IFNAR2 CDS LUC vectors using Lipofectamine 2000 (Life Technologies). After 6 h, cells were incubated with 6 ll/ml Endo-Porter delivery reagent (Gene Tools) and 2, 4 or 8 lM of IFNAR1 MAO, IFNAR2 MAO, IFNT MAO, or control MO. After 48 h, cell lysates were analyzed for LUC activity using dual LUC reporter assay system (Promega).
Experimental Designs
All the experimental and surgical procedures were approved by the Institutional Animal Care and Use Committee of Washington State University. For both studies, mature Columbia Rambouillet crossbred ewes (O. aries) were observed for onset of estrus (designated Day 0). Ewes were mated to an intact ram of proven fertility on Days 0 and 1.
Study one. On Day 8 postmating, ewes were subjected to a midventral laparotomy. Ewes were then randomly assigned to the following groups (n . 5 ewes per group): 1) no uterine horn ligation, 2) uterine horn ligation but no intrauterine injection, 3) uterine horn ligation followed by single intrauterine injection of standard control MO, or 4) uterine horn ligation and constant intrauterine infusion of standard control MO using an osmotic pump. Using methods described previously [18, 32, 33] , ewes in groups 2-4 had the base of the uterine horn ipsilateral to the CL double ligated using nonabsorbable, sterile polyester umbilical tape to prevent migration and growth of the conceptus through the uterine body into the contralateral uterine horn. For group 3, the standard control MO (100 nmol) was complexed with Gene Tools Endo-Porter Aqueous delivery reagent (50 ll) and diluted to a 1 ml final volume with Opti-MEM (31985-062; Life Technologies). The MO solution was then introduced into the lumen of the ligated uterine horn via the uterotubal junction using a 1-ml syringe fitted with a Tom Cat Catheter. After the MO solution was discharged into the uterine lumen, the catheter was withdrawn, and the uterine horn was gently massaged to distribute the MO throughout the uterine lumen. For group 4, a vinyl catheter (0007760; Durect Corporation), connected to a preloaded and equilibrated Alzet 2ML1 Osmotic Pump (Durect Corporation), was inserted 1 cm distal to the uterotubal junction into the lumen of the ligated uterine horn. The Alzet 2ML1 Osmotic Pump is factory calibrated to constantly deliver 10 ll/h (240 ll/day) for 7 days. The pumps were loaded with standard control MO (100 nmol) complexed with 50 ll of Gene Tools Endo-Porter Aqueous delivery reagent in 2 ml sterile PBS (Hyclone). The Alzet pump was then affixed to the mesosalpinx supporting the oviduct using cyanoacrylate glue (Super-Glue) and secured by suturing the mesosalpinx to the perimetrium of the uterine horn using 0 Coated Vicryl Suture (Ethicon). After ligation and/or pump implantation, the outside of the uterus was rinsed with sterile 5% (vol/vol) glycerol in saline to prevent the formation of adhesions and placed back in the body cavity prior to closing the body cavity and skin. All the ewes were necropsied on Day 14 postmating. The female reproductive tract was recovered, and the uterine horn(s) gently flushed with 20 ml of sterile PBS. If present, the morphology of the conceptus was recorded (spherical, tubular, or elongated) and length carefully measured using a ruler and stereomicroscope.
Study two. On Day 8 postmating, ewes were subjected to a midventral laparotomy. Using procedures described above in study one, a uterine horn ipsilateral to the CL was ligated and fitted with an osmotic pump containing either 1) random oligo 25-N control MO, 2) IFNT MAO, or 3) an equal mixture of IFNAR1 and IFNAR2 MAOs. Each pump contained a total of 100 nmol of the indicated MO complexed with 50 ll of Gene Tools Endo-Porter Aqueous delivery reagent in 2 ml sterile PBS (Hyclone). All the ewes (n . 5 per treatment) were necropsied on Day 14 postmating. The female reproductive tract was recovered, and the ligated uterine horn gently flushed with 10 ml of sterile PBS, pH 7.2. If present, the state of conceptus development was assessed using a Nikon SMZ1000 stereomicroscope (Nikon Instruments Inc.) fitted with a Nikon DS-Fi1 digital camera. The volume of the uterine flush was measured, and the flush clarified by centrifugation (3000 3 g at 48C for 15 min). The supernatant was carefully removed with a pipette, mixed, aliquoted, frozen in liquid nitrogen, and stored at À808C. Portions of the conceptus were fixed in fresh 4% paraformaldehyde in PBS, pH 7.2. After 24 h, fixed tissues were changed to 70% ethanol for 24 h and then dehydrated and embedded in Paraplast-Plus (Oxford Labware). The endometrium was physically dissected from the remainder uterine horn using curved scissors. Endometrial samples as well as any remaining conceptus tissue were frozen in liquid nitrogen, and stored at À808C for subsequent RNA extraction.
Study three. On Day 8 postmating, ewes (n ¼ 8) were subjected to a midventral laparotomy. Using procedures described above, a uterine horn ipsilateral to the CL was ligated and fitted with an osmotic pump containing 100 nmol of IFNT MAO complexed with 50 ll of Gene Tools Endo-Porter BROOKS AND SPENCER Aqueous delivery reagent in 2 ml sterile PBS (Hyclone). The uterus was recovered from all the ewes on Day 12. The uterus was also recovered from an additional group of bred, unligated ewes (n ¼ 8) on Day 12 postmating as a control. The female reproductive tract was recovered, and the ligated uterine horn gently flushed with 10 ml of sterile PBS, pH 7.2. If present, the state of conceptus development was assessed using a Nikon SMZ1000 stereomicroscope. The uterine flush and tissues were processed as described in study two.
Quantification of IFNT in the Uterine Flush
The amount of IFNT in the uterine flush of ewes from studies two and three was quantified using previously described methods [31] . A sample of the uterine flush (100 ll) from each ewe was diluted to 200 ll final volume with TBS. A nitrocellulose membrane (GE Healthcare-Life Sciences), presoaked with TBS, was loaded into a BioRad dot blot apparatus backed by Whatman filter paper. Wells were subsequently washed with 200 ll TBS prior to addition of the diluted uterine flush sample and then rinsed with 200 ll TBS. The membrane was allowed to air dry and then blocked in 5% (wt/vol) milk in TBST for 1 h at room temperature. The membrane was then incubated in primary rabbit anti-ovine IFNT serum at 1:1000 dilution in 5% milk in TBST overnight at 48C. The membrane was then washed for 30 min in TBST followed by incubation with horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (Thermo Scientific) at 1:5000 diluted in 5% milk in TBST for 1 h at room temperature. The membrane was washed again for 30 min in TBST. Immunoreactive IFNT was detected using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) and quantified with a ChemiDoc MP system and Image Lab 4.1 software (BioRad). The data are expressed as total relative amount of IFNT in the uterine flush determined by adjusting for the recovered volume of uterine flushing.
Quantification of PGs in the Uterine Flush
Prostaglandins in the uterine flush from studies two and three were measured by sensitive enzyme immunoassay from Cayman Chemical (514012). The antiserum used in this assay exhibits high cross-reactivity for most PGs, which allows quantification of all the PGs in a given sample with a single assay (Cayman Chemical). Total PGs in the uterine flush were measured according to the manufacturer's recommendations in a single assay with a sensitivity of 15.6 pg/ml. The data are expressed as total amounts of PGs in the uterine flush determined by adjusting for the recovered volume of uterine flushing.
Total RNA Isolation and Real-Time PCR Analysis
Total RNA was isolated from endometrial samples using Isol-RNA lysis reagent (5 Prime Inc.) according to the manufacturer's protocol. To eliminate genomic DNA contamination, extracted RNA was treated with DNase I and purified using RNeasy MinElute cleanup kit (Qiagen). The quantity and quality of total RNA were determined by spectrometry. Total RNA (1 lg) from each sample was reverse transcribed in a total reaction volume of 20 ll using iScript RT supermix (BioRad). Reverse transcription was performed as follows: 5 min at 258C, 30 min at 428C, and 5 min at 858C. Control reactions in the absence of reverse transcriptase were prepared for each sample to test for genomic DNA contamination. The resulting cDNA was stored at À208C for further analysis.
Real-time PCR was performed using BioRad CFX384 Touch Real Time System with SsoAdvanced Universal SYBR Green Supermix (BioRad). Previously published primers for CXCL10, CTSL1, GAPDH, ISG15, IGFBP1, RSAD2, SLC2A1, SLC5A1, and SLC7A2 were used [18] , and primers for ovine GRP and LGALS15 were designed and synthesized by Integrated DNA Technologies (Supplementary Table S1 ). Each individual sample was analyzed in duplicate with the following conditions for 40 cycles: 958C for 30 sec, 958C for 5 sec, and 608C for 30 sec. A dissociation curve was generated at the end of the amplification to ensure that a single product was amplified. PCR reactions without template and template substituted with total RNA were used as a negative control to verify experimental results. The threshold line was set in the linear region of the amplification plot above the baseline noise, and quantification cycle values were determined as the cycle number in which the threshold line intersected the amplification curve. Ovine GAPDH was used as the reference gene.
Immunohistochemistry
Fixed conceptuses from study two were embedded in paraffin wax and sectioned (6 lm). Sections were mounted on slides, deparaffinized in xylene substitute, and rehydrated in a graded alcohol series. Sections were then submitted to hematoxylin and eosin staining (Scytek), immunohistochemistry, or terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) apoptosis assay. For immunohistochemistry, antigen retrieval was performed by incubating sections for 10 min in boiling 10 mM citrate buffer, pH 6.0. After cooling to room temperature, sections were incubated with 10% normal goat serum in PBS, pH 7.5, for 10 min at room temperature and then overnight at 48C with 1.2 lg/ml rabbit anti-Ki67 immunoglobulin G (ab66155; Abcam) in 1% bovine serum albumin in PBS, pH 7.5. Sections were washed in PBS and incubated with 5 lg/ml biotinylated secondary antibody (PK-4001; Vector Laboratories) for 1 h at 378C. Immunoreactive Ki67 protein was visualized using Vectastain ABC kit (Vector Laboratories) using diaminobenzidine tetrahydrochloride as the chromogen. Sections were counterstained with hematoxylin, and coverslips were affixed to slides with Permount mounting medium (Fisher Scientific). Images of representative fields were recorded using a Nikon Eclipse 90i model photomicroscope fitted with a Nikon DS-Ri1 digital camera.
TUNEL Apoptosis Assay
The TUNEL assay (G3250; Promega Corporation) was performed according to the manufacturer's instructions for paraffin-embedded tissue with slight modification. Briefly, sections from conceptuses in study two were rehydrated and fixed in 4% methanol-free paraformaldehyde in PBS for 15 min at room temperature. The tissue was permeabilized with Proteinase K for 8 min then washed with PBS and fixed in paraformaldehyde. Slides were then covered with equilibration buffer for 5-10 min at room temperature followed by incubation with the TdT incubation buffer (containing TdT and nucleotide mix) for 1 h at 378C in a humidified chamber. The reaction was terminated by submersion of slides in 23 SSC for 15 min at room temperature. The sections were washed with PBS and cover slips applied using Vectashield mounting media with 4 0 ,6-diamidino-2-phenylindole (Vector laboratories). Images of representative fields were recorded using a Nikon Eclipse 90i model photomicroscope fitted with a Nikon DS-Ri1 digital camera. Brightfield and epifluorescent (4 0 ,6-diamidino-2-phenylindole and fluorescein isothiocyanate) images were collected using NIS Elements BR 3.2 software. Background fluorescence was corrected based on fluorescein isothiocyanate intensity in positive control slides produced by DNase I (Qiagen) treatment according to the manufacturer's instructions.
Statistical Analysis
All the quantitative data were subjected to least-squares analyses of variance (ANOVA) using the general linear models procedures of the Statistical Analysis System (SAS Institute Inc.). For analyses of real-time PCR data, GAPDH values were used as a covariate. Error terms used in test of significance were identified according to the expectation of the mean squares for error. Significance (P , 0.05) was determined by probability differences of least-squares means.
RESULTS
Study One: Effects of Uterine Ligation on Conceptus Elongation
Pregnancy rates averaged 90% and were not different (P . 0.10) between unligated control and ligated ewes (data not shown). Elongating conceptuses were recovered from all the ewes (Fig. 1 ). Conceptus length was not different (P . 0.10) in bred ewes without uterine horn ligation (unligated control) as compared to ewes with one uterine horn ligated and no intrauterine injection of MO (ligated control). In uterine hornligated ewes, conceptus length was 2.4-fold shorter (P , 0.01) in ewes receiving a bolus injection of standard control MO in Opti-MEM on Day 8 postmating as compared to those receiving no MO (ligated control) or constantly infused with the standard control MO in PBS using an osmotic pump. Of note, no difference in conceptus length (P . 0.10) was observed in uterine horn-ligated ewes constantly infused with the standard control MO in PBS as compared to those receiving no MO (ligated control).
IFNT REGULATES CONCEPTUS ELONGATION
Studies Two and Three: Inhibition of IFNT Inhibits Conceptus Elongation
Morpholinos are short chains of MO subunits consisting of a nucleic acid base, a MO ring, and a nonionic phosphorodiamidate intersubunit linkage, and are not sensitive to nucleases [34] . They act through RNase H-independent steric interference to block translation of target mRNAs [35] . Morpholinos were designed to specifically inhibit translation of ovine IFNT, IFNAR1, or IFNAR2 mRNA. Effectiveness of MAO translation inhibition was assessed in vitro using transiently transfected HEK 293T cells. Increasing amounts of IFNT MAO decreased the amount of IFNT in the media from cells transfected with an ovine IFNT expression vector (Fig. 2) . The control MO had no effect (data not shown). As illustrated in Figure 3 , treatment of cells transfected with ovine IFNAR1 CDS-LUC, IFNAR2 CDS-LUC, or IFNT CDS-LUC vectors with the appropriate IFNAR MAO inhibited (P , 0.01) LUC activity, whereas the control MO had no effect (P . 0.10).
In vivo loss-of-function studies were then conducted to determine the effect of IFNT and IFNAR MAO on conceptus elongation in sheep. This approach is based on previous studies demonstrating that in utero administration of labeled MOs results in their delivery primarily to the conceptus trophectoderm [32, 36] . Pregnancy rates averaged 85% and were not different (P . 0.10) between ewes receiving control MO, IFNT MAO, or IFNAR1/2 MAO (data not shown). Conceptuses recovered on Day 14 from ewes receiving control MO and IFNAR1/2 MAO from Day 8 were elongated and filamentous (Fig. 4 and Table 1 ), consistent with normal conceptus morphology in Day 14 pregnant ewes [10, 37] . However, conceptuses collected on Day 14 from IFNT MAO-infused ewes were small and malformed. Histological examination found that conceptuses recovered from ewes infused with control MO or IFNAR1/2 MAO were normal, containing many mononuclear trophectoderm cells lined with endoderm (Fig. 3) . In contrast, conceptuses from IFNT MAO-infused ewes contained almost no distinct mononuclear trophectoderm cells or endoderm.
Elongation of the conceptus primarily involves proliferation of the mononuclear trophectoderm cells [1, 37] . Cell proliferation was assessed by immunostaining conceptuses for Ki67, a nuclear protein that is associated with cellular proliferation [38] . Nuclear Ki67 protein was observed in all the cells of the conceptuses regardless of treatment group (Fig. 4) . Apoptosis was assessed using a fluorometric TUNEL assay [39, 40] . Apoptotic cells were particularly prevalent in conceptuses recovered from IFNT MAO-infused ewes but were very low in conceptuses from control MO-or IFNAR1/2 MAO-infused ewes (Fig. 4) .
Given that the trophectoderm cells of the elongating conceptus synthesize and secrete IFNT and PGs, the abundance of those factors in the uterine lumen can be used as an indirect measure of conceptus development and viability as well as trophectoderm cell number [2, 5, 6, 18] . Consistent with retarded conceptus growth, the total amount of IFNT and PGs in the uterine lumen was substantially lower (P , 0.01) in ewes infused with IFNT MAO as compared to those receiving the control MO (Table 1) . Total PGs in the uterine lumen of IFNAR1/2 MAO-infused ewes was not different (P . 0.10) from control MO ewes, although IFNT levels were lower (P , 0.05).
A number of elongation-and implantation-related genes are induced by progesterone in the LE and/or GE of the endometrium between Days 10 and 14 postestrus/mating and further stimulated by conceptus-derived IFNT and/or PGs after Day 12 [16] . The majority of progesterone-induced elongationand implantation-related genes (CTSL1, GRP, IGFBP1, LGALS15, SLC2A1, SLC5A1, SLC7A2) were not different (P . 0.10) in the endometria from IFNT MAO or IFNAR1/2 MAO as compared to control MO-infused ewes (data not shown). The abundance of SLC2A5 mRNA was greater (P , 0.001) in the endometrium of ewes infused with IFNT MAO as compared to control MO (Fig. 5) . In contrast, SLC2A5 mRNA was not different (P . 0.10) in the endometria of IFNAR1/2 MAO as compared to control MO-infused ewes. As illustrated BROOKS AND SPENCER in Figure 5 , classical Type I ISGs (CXCL10, ISG15, RSAD2) were substantially lower (P , 0.001; 31-, 34-, and 11-fold, respectively) in the endometrium from ewes receiving IFNT MAO as compared to those infused with control MO. In contrast, ISG expression was not different (P . 0.10) in the endometria of ewes from control MO-as compared to IFNAR1/2 MAO-infused ewes.
Study Three: IFNT MAO Does Not Affect Blastocyst Survival or Growth into an Ovoid Conceptus
Conceptuses recovered from ewes infused with the IFNT MAO collected on Day 12 were ovoid or slightly tubular, which was consistent with conceptus morphology observed in Day 12 bred ewes. As expected, IFNT levels in the uterine lumen were very low and not different (P . 0.10) (data not shown). Total PG levels were also not different (P . 0.10) in the uterine lumen of unligated control bred ewes (214.1 6 62 ng) as compared to ewes with a uterine horn ligation and infusion of IFNT MAO (261.5 6 62 ng). Expression of ISGs and elongation-and implantation-related genes (CXCL10, CTSL1, GRP, IGFBP1, ISG15, LGALS15, RSAD2, SLC2A1, SLC5A1, SLC7A2) were also not different (P . 0.10) in the endometrium of IFNT MAO-infused ewes and untreated Day 12 pregnant ewes (data not shown).
DISCUSSION
The unilateral pregnant ewe model was originally reported by Bazer and coworkers [33] as a method to obtain uterine secretions by restricting the fetus to one uterine horn. This surgical procedure was reported to not affect conceptus implantation or fetal development. Based on that report, several studies have used that surgical approach to maintain higher levels of infused or injected substances within the ligated horn containing the conceptus given the long length of each bicornuate horn [18, 32, 36, 41] . The results of study one confirm the assertion that ligation of the uterine horn ipsilateral to the CL on Day 8 postmating does not affect pregnancy rate nor growth of the conceptus as assessed on Day 14 postmating (Fig. 1) . Similarly, implantation of osmotic pumps that infuse MOs or chemical inhibitors into the uterine lumen also do not affect pregnancy rate in ewes with ligated or unligated uterine horns based on this study and others [18, 19] . Conversely, study one found that standard control MO delivered via a bolus injection of 1 ml of a cell culture medium (Opti-MEM) into the lumen of a ligated uterine horn on Day 8 postmating negatively affected growth of the conceptus contained within that uterine horn (Fig. 1) . Although conceptus length was shorter on Day 14 in the present study, similar studies reported morphologically normal and elongated conceptuses present on Day 16 or 20 using the same experimental design [32, 36, 41] . Thus, decreased conceptus length observed on Day 14 does not appear to affect continued elongation into a filamentous conceptus by Day 16 or establishment of pregnancy by Day 20. Opti-MEM reduced serum media (Life Technologies) is a modification of Eagle minimum essential media, buffered with HEPES and sodium bicarbonate, and supplemented with hypoxanthine, thymidine, sodium pyruvate, L-glutamine, trace elements, and growth factors. The components of the media are proprietary, but undoubtedly are different than the intrinsic luminal environment of the early pregnant uterus in terms of amino acids, glucose, and growth factors [11, 42, 43] . Available results support the idea that exposure of the Day 8 hatching ovine blastocyst to nonphysiological factors present in the Opti-MEM modifies its growth trajectory, resulting in decreased growth observed on Day 14. This idea is supported by studies demonstrating effects of cell culture conditions (serum, amino acids, glucose, and growth factors) on embryo metabolism and developmental outcomes [44] [45] [46] . The effects of abnormal embryo culture conditions include altered gene expression [45] and aberrant epigenetic modifications [47] in a number of different species, including ruminants. Given the results of study one, subsequent studies were conducted using a constant intrauterine infusion of MOs in PBS via implanted osmotic pumps (10 ll/h for a total of 240 ll/day) into the lumen of the ligated uterine horn because that approach did not alter conceptus growth as assessed on Day 14 postmating (Fig. 1) .
A major finding of study two was that inhibition of IFNT mRNA translation in the trophectoderm compromises conceptus elongation because Day 14 conceptuses recovered from ewes infused with IFNT MAOs from Day 8 postmating were severely growth retarded as evidenced by lower levels of IFNT and PGs in the uterine lumen. The TUNEL analysis detected significant levels of DNA fragmentation in those growthretarded conceptuses, which is due to activation of apoptoticsignaling cascades [48, 49] . The induction of apoptosis in the conceptus is likely the cause of growth retardation and malformation observed in conceptuses from ewes infused with IFNT MAO. IFNT can be readily detected in the medium of cultured bovine blastocysts [50, 51] , although peak secretion does not occur until several days later around the time of implantation [52] . Given that IFNT production by the conceptus is a surrogate marker of trophectoderm number and viability, studies have attempted to link IFNT with IFNT REGULATES CONCEPTUS ELONGATION morphological quality and developmental competence of blastocysts in cattle [51, 53] . However, the levels of IFNT secretion are low and differ markedly between individual blastocysts [53] . Further studies asserted that IFNT secretion by the blastocyst may be a useful tool to predict pregnancy outcome in cattle but only within certain developmental stages [54] . The results of study three suggest that IFNT secretion by the hatching blastocyst may not be a good predictor of   FIG. 4 . Effect of MO treatment on conceptus morphology, histology, proliferation, and apoptosis. Control MO, IFNT MAO, or IFNAR MAOs (IFNAR1 MAO and IFNAR2 MAO) was infused into the uterine lumen of uterine horn-ligated ewes on Day 7 postmating (n ! 7 per MO type). Conceptuses were recovered on Day 14. Conceptus morphology was examined using a stereomicroscope; all photomicrographs of gross morphology are at the same magnification. Portions of the conceptuses were then fixed in paraformaldehyde, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E). The inset in the left lower portion is a higher magnification (403) photomicrograph of the conceptus. Cell proliferation was assessed by immunostaining for Ki67 protein, and sections were lightly counterstained with hematoxylin. A fluorometric TUNEL assay was performed to detect apoptotic cells in sections of the conceptus. Data are representative of conceptuses from all the ewes. Bars ¼ 100 lm.
BROOKS AND SPENCER pregnancy outcome because morphologically normal conceptuses (spherical or ovoid) were found on Day 12 in ewes infused with IFNT MAOs from Day 8 postmating. Collectively, the results of studies two and three suggest that the embryotrophic effects of IFNT occurs after Day 12, even though IFNT mRNA by the developing embryo is detectable much earlier, at the blastocyst stage, in sheep and cattle [3, 50] .
Available studies support the ideas that the embryotrophic effects of IFNT are via 1) paracrine effects on the endometrium to induce expression of ISGs that have reciprocal effects on trophectoderm survival and proliferation and/or 2) autocrine effects on the trophectoderm. Although IFNT certainly inhibits development of the endometrial luteolytic mechanism to maintain the CL, progesterone levels are not different in cyclic or nonpregnant and pregnant ewes until after Day 14 postestrus/mating [55] . The paracrine effects of IFNT to modify endometrial gene expression within the endometrium are well documented in sheep and cattle [16, 56] . Between Days 12 and 16 of pregnancy in sheep, the effects of IFNT on the endometrium include the following: 1) inhibition of estrogen receptor alpha and oxytocin receptor gene transcription to abrogate oxytocin receptor expression and thus production of luteolytic pulses of PGF2a, 2) induction of a large number of classical ISGs, and 3) stimulation of a number of progesterone-induced genes that can be termed elongationand implantation-related genes [16] . The genes induced by progesterone in the LE and GE between Days 10 and 12 postmating are hypothesized to be essential for conceptus survival and growth [31] . They encode a number of secreted factors (CST3, CST6, CTSL1, GRP, LGALS15, IGFBP1, IFNT REGULATES CONCEPTUS ELONGATION SERPINA14, SPP1, STC1), enzymes (HSD11B1, PTGS2) and transporters (SLC2A1, SLC2A5, SLC5A1, SLC7A2). The net outcome of the progesterone-induced changes that occur on Day 12 and after is modification of the uterine luminal milieu, including an increase in select amino acids, glucose, and proteins that stimulate blastocyst growth into an ovoid and then filamentous conceptus [11, 57] . Although IFNT levels were much lower in the uterine lumen of IFNT MAO-infused ewes in study two, the expression of all studied progesterone induced and elongation-and implantation-related genes (CTSL1, GRP, IGFBP1, LGALS15, SLC2A1, SLC2A5, SLC5A1, SLC7A2) were not different than in control ewes. Thus, the lack of induction or stimulation of those genes is likely not the cause of conceptus defects associated with the loss of IFNT. Of note, one of the studied genes (SLC2A5) was higher in the endometria of ewes infused with IFNT MAO. Similar to the other studied genes, SLC2A5 is stimulated by infusion of IFNT as well as PGs into the lumen of the ovine uterus [18] . Given that PGs and IFNT were lower in the endometria from the IFNT MAO-infused ewes, increased expression of SLC2A5 in the endometrium of those ewes suggests it is sensitive to abnormally developing conceptuses. Indeed, the endometrium of cattle can sense the difference between a conceptus derived from nuclear transfer or in vitro fertilization on Days 18 or 20 of pregnancy [58, 59] . A number of transcriptional profiling experiments conducted with human cells, ovine endometrium, bovine endometrium, and bovine peripheral blood lymphocytes have elucidated classical Type I ISGs induced by IFNT during early pregnancy [8, 11, 56, 60, 61] . Numerous classical ISGs are induced or stimulated in the endometrium during conceptus elongation in both cattle and sheep [11, 16] . For instance, ISG15 mRNA can be detected in the LE of the ovine uterus on Days 10 or 11 of the estrous cycle and pregnancy, but is undetectable in LE by Days 12 to 13 of pregnancy [62] . In response to IFNT from the elongating conceptus, ISG15 expression is strongly induced in the stratum compactum stroma and GE by Days 13 to 14, and expression extends to the stratum spongiosum stroma, deep GE, and myometrium as well as resident immune cells of the ovine uterus by Days 15 to 16 of pregnancy [62, 63] . Furthermore, PGs from the elongating conceptus can also moderately stimulate expression of classical ISGs [64] . As expected, reduced IFNT and PG levels in the uterine lumen were accompanied by substantial lack of induction of classical ISGs in the endometrium of ewes infused with IFNT MAO (Fig. 4) . Accordingly, the lack of classical ISGs in the uterus may be responsible for the defect in conceptus elongation and trophectoderm survival observed in ewes infused with IFNT MAO. One challenge is to determine which of the large number of classical ISGs mediate the embryotrophic actions of IFNT [16, [65] [66] [67] . In fact, only a few classical ISGs have been studied with respect to potential effects on the elongating conceptus. One classical ISG with reported biological effects on trophectoderm function during ovine conceptus elongation is CXCL10 (chemokine [C-X-C motif] ligand 10; alias IP-10) [68] . Another classical ISG (ISG15) is secreted into the uterine lumen during early pregnancy in sheep and cattle where it may function as a cytokine [69] .
The effects of all Type I IFNs, including IFNT, are mediated through a cell surface receptor, which is composed of two subunits, IFNAR1 and IFNAR2 [70] . IFNAR2 is considered to be the ligand-binding subunit of the receptors because of its ability to bind Type I IFNs with relatively high affinity [70] . The current model for assembly of the IFN-signaling complex is that a Type I IFN initially binds IFNAR2 with the subsequent recruitment of IFNAR1 to initiate signaling [71] .
Engagement of this IFNAR2-IFN-IFNAR1 complex activates the canonical JAK-STAT-IRF signaling pathway, resulting in transcriptional activation or repression of ISGs that encode the effectors of the IFN response, such as antiviral proteins, regulators of cell proliferation and differentiation, and immunoregulatory proteins [20] . Initially, the peri-implantation ovine conceptus was presumed to be unresponsive to the IFNT it produced because IFNAR mRNAs could not be detected in the elongating ovine conceptus [28] . However, other studies found evidence for IFNAR1 protein in Day 14 and 16 conceptuses [29] as well as IFNAR1 mRNA in Day 15 and 20 conceptuses [30] . Recent RNA sequencing data from our laboratory (GEO accession GSE58967) found IFNAR1 mRNA (2 RPKM [reads per kilobase transcript per million reads]) in Day 14 ovine conceptuses and essentially no IFNAR2 mRNA (RPKM ¼ 0.0125) as compared with IFNT (20 347 RPKM) and PTGS2 (1093 RPKM). In study two, elongated, morphologically normal, and filamentous type conceptuses were present in the uterus of IFNAR1/2 MAO-infused ewes on Day 14 postmating. Expression of classical ISGs and progesteroneinduced elongation-and implantation-related genes was not different in those ewes compared to control ewes as was total PG levels in the uterine lumen. However, IFNT levels were approximately 2-fold lower in the uterine lumen of ewes infused with IFNAR1/2 MAO as compared to the control MO, but not as low as observed in ewes infused with IFNT MAO. The results can be interpreted to indicate that the autocrine effects of IFNT via IFNAR1 are certainly not required for conceptus elongation, but they may influence IFNT gene expression. Further studies are needed to determine if ovine conceptuses will implant and establish pregnancy in the absence of IFNAR function in the trophectoderm.
Given that IFNAR2 is not expressed in the Day 14 ovine conceptus, it is likely that the effects of IFNT are mediated by IFNAR1, which has the ability to induce a unique set of ISGs in response to IFNB independent of IFNAR2 [72] . In that study, IFNB did not activate STAT1 or induce classical ISGs in Ifnar2-null mouse cells, but it did activate the PI3-AKT1 signaling pathway and a unique set of genes in Ifnar2-null cells, including Il1B, Il6, Cxcl2, Serpine1, Pges, and Arg2. The idea that IFNT signals through a noncanonical signaling pathway in the LE of the ovine uterus during early pregnancy is supported by a number of different studies [24, 26, 27, [73] [74] [75] . Although IFNT can induce classical ISGs in ovine trophectoderm cells in vitro (BST2, ISG15, OAS1) [30] and in many ovine and bovine endometrial cell types in vitro [76, 77] , those genes are not expressed in the Day 14 ovine conceptus based on RNA-Seq data (GEO accession GSE58967) as well as in vivo studies [74, [77] [78] [79] . Thus, the observation that IFNT can induce classical ISGs in culture ovine trophectoderm cells is likely an artifact of in vitro culture.
In conclusion, results of the present are the first, to our knowledge, to provide in vivo evidence that IFNT is embryotrophic and an essential regulator of conceptus elongation. Paracrine effects of IFNT on the endometrium predominantly mediate its embryotrophic actions, although autocrine effects on the trophectoderm via IFNAR1 may also be important. Further studies are needed to completely define the noncanonical IFNT-IFNAR1 signaling pathway in the trophectoderm and endometrium and understand the biological effects of classical ISGs on conceptus elongation and thus the establishment and maintenance of pregnancy.
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